Recent development of ultrashort laser pulses allows for optical control of structural and electronic properties of complex quantum materials. The layered transition metal dichalcogenide MoTe 2 , which can crystalize into several different structures with distinct topological and electronic properties, provides possibilities to control or switch between different phases. In this study we report a photo-induced sub-picosecond structural transition between the type-II Weyl semimetal phase and normal semimetal phase in bulk crystalline MoTe 2 by using ultrafast pump-probe and time-resolved second harmonic generation spectroscopy. The phase transition is most clearly characterized by the dramatic change of the shear oscillation mode and the intensity loss of second harmonic generation. This work opens up new possibilities for ultrafast manipulation of the topological properties of solids, enabling potentially practical applications for topological switch device with ultrafast excitations.
Recent development of ultrashort laser pulses allows for optical control of structural and electronic properties of complex quantum materials. The layered transition metal dichalcogenide MoTe 2 , which can crystalize into several different structures with distinct topological and electronic properties, provides possibilities to control or switch between different phases. In this study we report a photo-induced sub-picosecond structural transition between the type-II Weyl semimetal phase and normal semimetal phase in bulk crystalline MoTe 2 by using ultrafast pump-probe and time-resolved second harmonic generation spectroscopy. The phase transition is most clearly characterized by the dramatic change of the shear oscillation mode and the intensity loss of second harmonic generation. This work opens up new possibilities for ultrafast manipulation of the topological properties of solids, enabling potentially practical applications for topological switch device with ultrafast excitations.
Layered transition metal dichalcogenide (TMD) MX 2 (where M is a transition metal (Ta, Nb, Mo, and W) and X is a chalcogen (S, Se, and Te)) represents one of the most interesting material groups that shows rich physical phenomena such as charge density wave, superconductivity, quantum spin Hall effect, topological nontrivial state, unsaturated extremely large magnetoresistivity (XMR), etc. Among them, MoTe 2 has recently attracted particular attention because it hosts type II topological Weyl fermions in a noncentrosymmetric octahedral T d structural phase [1] [2] [3] , which allows for fundamental studies of intriguing topological phyiscs. Actually, MoTe 2 can crystallize into several different structures with different properties, for example trigonal prismatic coordinated hexagonal 2H phase (space group P6 3 /mmc), distorted octahedral coordinated monoclinic 1T (space group P2 1 /m) and orthorhombic T d (space group Pmn2 1 ) phases [4] [5] [6] . The 2H phase has a central symmetric structure and is semiconducting, but 1T and T d phases show semimetallic nature. The 1T -MoTe 2 phase is centrosymmetric and can be transformed into T d -MoTe 2 phase with broken inversion symmetry by cooling the compound below ∼250 K 4, 5 . T d -MoTe 2 is also found to be superconducting with T c =0.1 K, thus serving as a promising candidate of the topological superconductor [7] [8] [9] . Since the energy difference between different phases is small in MoTe 2 10 , the system provides a good possibility to manipulate or engineer controlled phase transitions.
The lattice structures and symmetries of materials are usually probed and determined by elastic X-ray, neutron and electron diffractions or inelastic Raman spectroscopy. With the development of advanced femtosecond laser techniques, ultrafast coherent phonon spectroscopy based on pump probe technique and second harmonic generation (SHG) spectroscopy provide alternative routes to resolve lattice symmetry [11] [12] [13] [14] [15] [16] [17] . Such optical probes are particularly effective for detecting structural change associated with inversion symmetry breaking. When the inversion symmetry is broken, parity is not a good quantum number, giving rise to a mixture of even and odd states. The sudden lattice symmetry change would lead to a variation in A 1 Raman active phonon modes, which can be tracked by the ultrafast coherent phonon spectroscopy through the displacive excitation of coherent phonons or stimulated Raman scattering process 18, 19 . SHG spectroscopy is extremely sensitive to inversion symmetry because the leading order contribution to SHG signal is nonzero only when the inversion symmetry is broken, e.g. at the interfaces or in bulk noncentrosymmetric crystalline. More importantly, the employment of such optical probes allows for time resolved measurement after ultrafast photo excitations.
Up to now, the experimental realization of switch between different structural phase transitions in MoTe 2 was mainly achieved via application of strain, doping or static electric field on few layers samples [20] [21] [22] . Ultrashort laser pulses provide a new route to manipulate the structural and electrical properties of a quantum material. When the electric field of the pumping pulse is comparable to the potential gradients of atoms, the intense pulse can change the landscape of free energy and induce a phase transition. There are many good examples of the ultrafast photoinduced transitions such as the insulator-to-metal transition in VO 2 12,23 , the lattice distortions in manganites 24 and the charge density wave to metal transition in K 0.3 MnO 3 11,25 . A recent study indicated that a strong laser radiation can induce a non-reversal structural phase transition between 2H and 1T phases in MoTe 2 26 . Here we report an ultrafast photoinduced sub-picosecond topological structural transition between the type-II Weyl semimetal T d phase and normal semimetal 1T phase in bulk crystalline MoTe 2 . The onset and degree of the phase transition are determined by the transient photo-induced coherent phonon spectroscopy and time-resolved SHG separately.
Results Sample characterization. We perform measurement on the 1T -MoTe 2 single crystals which have a first order structural transition (T V ) near 250 K. The high temperature centrosymmetric monoclinic 1T structure and low temperature noncentrosymmetric T d structure are shown in the Fig.1 (a) and (b), respectively. The structural difference between the two phases is small, only by a 4
• tilting angle from the stacking direction (c-axis). The type-II Weyl semimetal characteristics in T d phase were identified by angle resolved photoemission spectroscopy and scanning tunnelling spectroscopy studies 27, 28 . It should be pointed out that the single layer of the two phases is the same and they differ only in the layer stacking. Figure 1 (c) shows the temperaturedependent resistivity of the crystal. Presence of significant hysteresis in transition temperatures between cooling down (about 240 K) and warming up (about 250 K) (inset of Fig.1 (c) ) yields evidence for the first order phase transition at T V . Figure 1 (d) shows the optical SHG intensity at a particular measurement configuration of p-polarized incidence and p-polarized second harmonic (SH) photons. The signal is absent at high temperature but increases suddenly below the phase transition, yielding evidence for the inversion symmetry breaking in the T d phase. The signal also shows a clear hysteresis across T V with cooling down and warming up the sample, further supporting the first order phase transition. Figure 1 (e), and (f) show the SH polarization patterns in MoTe 2 for two different measurement configurations, with a fixed p-polarized incidence-rotatable SH analyzer and a fixed s-polarized SH photons-rotatable incidence polarizer, respectively. The optical setup is described in detail in the methods. The results are similar to the earlier report based on the same experimental configuration 21 . The polarization patterns can be well reproduced by the symmetry analysis based on the space group Pmn2 1 (see details at the symmetry analysis in Methods).
Ultrfast coherent phonon spectroscopy. Figure 2 (a) and (b) show the transient reflectivity of MoTe 2 measured from 4 K to 300 K (the warming process) and from 300 K to 4 K (the cooling process) separately using a Ti:sapphire amplified laser at low influence (see method). The decay dynamics contains two processes: a fast component (τ 1 ) about 0.3 ps related to the intraband transition and a slow component (τ 2 ) about hundreds of picoseconds, which are similar to other TMD materials 29, 30 . The coherent vibrational dynamics is obtained after subtracting the two decay processes. The coherent vibrational dynamics contains the oscillation signals originating from the low energy A 1 optical phonons 18 . It can be seen clearly in the time-domain spectrum that a long-period optical coherent phonon suddenly disappears above the structural phase transition temperature. −1 ) at the low temperature. We found all those phonons have been detected in the Raman spectrum as A 1 modes [31] [32] [33] . The 0.42 THz phonon, which appears around 240 K during the cooling process ( Fig.2 (d) ) and disappears around 250 K during the warming process, has much stronger intensity ( Fig.2 (c) ). It shows the same hysteresis as observed in the temperature dependent resistivity and SHG signals. The same hysteresis has also been reported in the Raman measurement 31, 32 . Based on symmetry analysis and calculation results reported before, the 0.42 THz phonon is a shear mode between layers and is Raman active in T d phase and inactive at 1T phase (since the zone-center lattice vibrations have odd parity in the inversion symmetric structure at 1T phase) 32 . We can take this shear mode at 0.42 THz as an indication for the change of the structural transition in this compound. In principle, the other A 1 phonon modes should also change at the phase transition. However, those phonon modes have much weaker signal levels. Furthermore, since the structure change is very subtle and related modes at similar frequencies are also present at 1T phase based on calculations [31] [32] [33] , their change could not be well resolved. So, we shall not discuss them below. Having identified the shear mode as an indication of structural transition 31, 32, 34 , we now explore the fluence dependence of pump-probe signal. Figure 3 (a) presents the pump-induced reflectivity change of MoTe 2 for different selected pump fluences at the low temperature T=4 K. The curves are vertically shifted for clarity. The Fourier transformations of the oscillations after subtracting the background are shown in Fig. 3 (b) . Under very low fluence, 0.13<F<1.5 mJ/cm 2 , the signal is so small that only the strongest 0.42 THz phonon can be detected. With increasing the fluence, all other five phonons show up but the 0.42 THz phonon tends to disappear near 5 mJ/cm 2 . Figure 3 (c) displays the fluence dependence of the maximum change of the reflectivity (peak intensity in Fig. 3 (a) ). It is clearly seen that the maximum change saturates at high fluence. Figure 3 (d) shows the fluence dependence of the amplitude of the shear mode phonon at 0.42 THz. It increases linearly at small fluence, but decreases after reaching a maximum near 1.5 mJ/cm 2 . According to the theory of displacive excitation of coherent phonons 18 , the intensity of the coherent phonon should increase with increasing fluence before reaching the damage threshold of a material 35 . There could be two possible reasons for the intensity reduction of 0.42 THz phonon mode in the high fluence. One is a de-phasing mechanism arising from oscillation damping and another is due to the symmetry change of lattice structure. Since the coherent phonon manifests as an oscillation in the recorded time trace of transient reflectivity, we can roughly estimate de-phasing time from the damping of oscillation. As shown in Fig. 3 (a) , the oscillation still lasts for long time at the high pump fluence, suggesting an almost unchanged lifetime of the coherent phonon, which essentially excludes the de-phasing mechanism. Then we need to consider the pump-induced structural symmetry change. The compound has a first-order transition at about 250 K and the 0.42 THz phonon mode disappears in the high temperature phase. A possible scenario is that the intensive pump can directly drive a structural change in a way towards its high temperature phase. In fact, photoinduced structural phase transitions have been found in different compounds 24, 36, 37 . Another possibility is the thermal effect in lattice temperature induced by the intense pump 38, 39 . In the latter case, the expected temperature rise ∆T at temperature (T 0 ) can be estimated by the equation
where S , ρ, M, R, F and σ are the excitation area, the mass density (7.78 g/cm 3 ), the molar mass (351.1 g/mol), the reflectivity of MoTe 2 (about 0.45 at 800 nm from our own measurement), the laser fluence and the optical penetration depth (about 100 nm if assuming a similar value as WTe 2 40 ), respectively. C p is the temperature-dependent thermal capacity. We estimate the values of ∆T to be ∼ 120 K and ∼ 300 K with excitation fluence about 1 mJ/cm 2 and 5 mJ/cm 2 respectively at T 0 =5 K, which is also in agreement with the lattice thermal effect. Future efforts are needed to resolve the two scenarios.
The time-resolved second-harmonic generation (TR-SHG). It is well known that the nonlinear susceptibility (especially second-order) is very sensitive to the symmetry change of a lattice [15] [16] [17] 41 . As demonstrated in Fig. 1 (d) , the SH intensity in MoTe 2 is nearly zero in the 1T phase while sharply enhanced in the T d phase where inversion symmetry is broken, hence more valuable insight about pump-induced lattice symmetry change can be gained from the TR-SHG spectroscopy. We performed a nir-infrared (800 nm) pump, SHG measurement on the sample. Earlier structural study based on crystallographic data analysis of single crystal samples has revealed that the polar direction related to the inversion symmetry breaking of MoTe 2 in the low temperature phase is along the c axis 21 . A normal incident beam from the regenerative amplifier with 1 K repetition rate is used as the pump excitation. The p-polarized SH photons with p-polarized incidence are recorded as the probe. Obviously, the change of the probe is proportional to the change of the polar degree (as demonstrated in Fig. 1 (e) and (f) ). Figure 4 (a) shows the temperature-dependent relative change of SHG intensity at fixed pump fluence about 2 mJ/cm 2 as a function of time delay. We find that the SHG intensity has no response above T V while it drops to a lower value quickly (about 0.7 ps) upon pump excitation and lasts over 100 picoseconds below T V . The SH intensity in the T d phase drops rapidly as temperature decreases and saturates at about 50 K. The 0.42 THz (period about 2 ps) phonon is also visible below 150 K in Fig. 4 (a) . Though the linear phonon spectroscopy also has detected the 0.42 THz shear mode, the mechanisms behind the dynamical oscillation through the linear and nonlinear probe are different. The former has been ascribed to the displacive excitation of coherent phonon mechanism which is linked to Raman tensor while the latter has often been taken as a hyper-Raman process 17 . The symmetry of the potential changes under intense fluence at low temperature was already demonstrated from the coherent phonon spectrum in Fig. 3 . The reduction of the SH signal after intense pump implies that the polar degree of the crystal indeed decreases but not vanishes yet, namely the positions of the atoms have not yet shifted to the totally centrosymmetric phase. The fast decrease of signal intensity within about 0.7 ps after pumping suggests that the structural transition takes place in a subpicosecond time scale.
To explore the impact of pump fluence on the polar of the compound, we performed fluence-dependent time-resolved SHG measurements at T=10 K (Fig. 4 (b) ). We can see that the shape of the SHG transient does not change and the intensity drop is nonlinearly increased with the increase of the fluence (the empty black circles in Fig. 4 (c) ). The SH intensity drops to a maximum of nearly 80% but does not completely disappear even when the fluence is close to the measured single-shot damage threshold. The 0.42 THz coherent phonon disappears at higher fluence. Here we would like to make a comparison between the thermal effect and the fluence dependent SH signal change. We calculate the pump-induced lattice temperature rise T thermal at each fluence based on the description presented in the above session incorporated with the temperature dependent I(T ) displayed in Fig. 1 (d) , then we can get the quantity
as a function of T thermal , being shown as red squares in Fig.4(c) ). We find that the fluence-dependent time-resolved SHG measurement roughly overlaps with the thermal effect plot, suggesting again an agreement with the lattice thermal effect. Discussions The combined coherent phonon spectroscopy and the TR-SHG study reveal unambiguously a photo-induced switch between the topological nontrivial T d phase and a trivial 1T phase in MoTe 2 . Several features deserve to be further discussed and addressed. First, the time resolved SHG measurement demonstrates that the sharp drop of SHG signal is within a time scale of 1 ps after ultrafast excitations. This time scale is intrinsic since it is longer than the experimental time resolution. It is noted that the response time of SHG is comparable to the recovery time of electronic subsystem. Those observations indicate that the electronic and lattice degree of freedoms must have a very strong coupling, enabling a rapid transfer of energy from the electronic to lattice subsystem. Second, both the pump-probe and the time-resolved SHG measurements reveal that the photo-induced state lasts for very long time without showing noticeable decay (see inset of Fig. 4 (a) ). This indicates that the intense photoexcitations actually drive the T d phase of the compound to a metastable phase, though this metastable phase is a known one in equilibrium, i.e. monoclinic 1T phase. In fact, for many quantum materials, ultrashort pulses can drive them to certain novel quantum phases inaccessible at equilibrium. Third, it is well known that the energy difference between T d and 1T phase is small. Theoretical calculations 10 suggested that the hole doping can destroy the orthorhombic phase and stabilize the monoclinic phase in MoTe 2 once the doped hole density exceeds ∼ 10 20 cm −3 . Different from the hole doping, the ultrashort photo excitation presented in this work offers a new route to manipulate different orders in MoTe 2 .
The present study represents the first realization of switch between type-II Weyl semimetal T d phase and normal semimetal 1T phase in bulk MoTe 2 among all possible tuning methods. It opens up new possibilities for ultrafast manipulation of the topological properties of solids, thus enabling potentially practical applications for topological switch device with ultrafast excitations. We remark that, although the photoinduced effect seems to be consistent with the lattice thermal effect, the direct structural change from a T d to 1T phase induced by the intensive pump is another possibility for explaining the experimental observations. Our results indicate that investigating photoinduced structural change and its decay dynamics by direct time resolved structural probes, e.g. time-resolved X-ray diffraction, would be an interesting direction to pursue in future research.
Methods
Sample preparation and transport measurement. The MoTe 2 single crystals were grown by vapor transport method using iodine as the transport agent, similar to the method reported in earlier work 9 . Stoichiometric amounts of Mo and Te were first ground, pressed into pellets, and heated in an evacuated quartz tube at 810
• C for 7 days to get polycrystalline MoTe 2 powder. Then, the powders and agent I 2 were mixed and sealed into another evacuated quartz tubes. The sealed quartz tubes were put in a two-zone tube furnace. The hot zone was kept at 1010 • C and cold zone kept at 910
• C and dwelled for 7 days. After that, the quartz tube was quenched into ice water to yield the high-temperature monoclinic phase. Plate-like shape single crystals with shinning surfaces were obtained. The resistivity was measured by a by a four-probe method and heat capacity measured by a heat-pulse relaxation method using Physical Properties Measurement System.
Optical pump probe spectroscopy. The transient reflectivity of the compound was measured with a standard pump-probe set up. A Ti:sapphire amplified laser (800-nm laser pulses with 35 fs duration at 1 kHz repetition rate) was utilized as the source of both pump and probe beams. The pump beam was modulated by a chopper at a frequency of 333 Hz and polarized in perpendicular to the probe beam. We kept the pump fluence at about 100 µJ/cm 2 , 10 times stronger than the probe pulses. Symmetry analyze. In order to monitor the ultrafast dynamics of phase transition, the equilibrium technique can be extended to time domain via standard pump probe configuration, in which one stronger pulse trigger the sample and another probing pulse monitor the evolution of selected optical constant as a function of time delay. When the pulse duration of triggering femtosecond laser pulse is much shorter than the vibration period, then coherent motions of lattice, or the coherent phonon are induced, in which < Q ks > is nonzero and time dependent, oscillating with a frequency ω ks with phase well defined with respect to an externally defined reference. In this coherent motion state, the dielectric susceptilbility can be expressed by displacement coordinate Q(t) around the equilibrium as: χ = χ 0 + ( ∂χ ∂Q * Q(t)), where the second rank tensor ∂χ (1) ∂Q is linked to Raman tensor and third rank tensor ∂χ (2) ∂Q is related to hyper-Raman tensor. The coherent oscillations stem from the impulsively excited vibration of the A 1 phonon that leads to an isotropic modulation of refractive index vis the diagonal elements of the Raman tensor. To the first order inQ(t), the reflectivity change ∆R(t) associated with a displacement Q(t) can be expressed as:
Here, − → E corresponds to the incident and − → E r to the reflected probe field. In our measurements, we only detect the intensity of reflected light instead of palarizition changes. Therefore, only the fully symmetry phonon, the diagonal elements of Raman tensor can be detected in our configuration.
The time-resolved second-harmonic generation (TR-SHG) and SH polarization analysis. The optical SHG was measured with 800 nm fundamental photons focused on the ab plane of the sample (0.1 to 0.8 mW on an 80-mm spot) in reflection geometry at a 45
• angle of incidence. The p (s) polarization of the incidence is in the ac-plane (along the b-axis) of the sample crystal. The incident polarization was controlled by a l/2 wave plate, and the polarization of the reflection SHG was analyzed by a Glan laser prism. The pump is in normal incidence and the scattering surface is in the ac-plane of the compound.
Without pump, the signal is absent at high temperature but increases suddenly below the phase transition as shown in Fig.1 (d) . The polarization dependence of the SHG signal can be understood by considering the nonlinear properties of the point group mm2 as predicted for MoTe 2 . For Fig.1 (f) , the incident electric fieldê 
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